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Cochlear function: Hearing in the fast lane
Jonathan Ashmore and Gwenaëlle S.G. Géléoc
The cochlea amplifies sound over a wide range of
frequencies. Outer hair cells have been thought to play
a mechanical part in this amplification, but it has been
unclear whether they act rapidly enough. Recent work
suggests that outer hair cells can indeed work at
frequencies that cover the auditory range.
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A long time ago in a far corner of evolution, the best way of
knowing who was trying to eat you, before it saw you, was
to find out where the sound it generated was coming from.
If you were a small mammal, you did best with good
hearing at high frequencies, so that differences between the
sound reaching each ear could be exploited to localize the
sound source. The selective pressures to hear at high fre-
quencies place quite severe constraints on mechanisms of
hearing. Although other designs of the hearing organ have
evolved in birds, reptiles and amphibia, the solution that we
have inherited from our mammalian ancestors is to have a
cochlea which uses mechanics, and not neural or electrical
sharpening, to extract information at acoustic frequencies.
The mammalian cochlea is a fluid-filled tube divided
along its length by the basilar membrane, a collagenous
sheet with a stiffness that varies progressively from one
end to the other. This mechanical gradient ensures that
each sound frequency excites only one site on the
membrane, and each octave in the frequency spectrum
produces excitation within a 4 mm stretch of the basilar
membrane. The cochlea thus behaves like a array of
mechanically resonant filters with detectors — the hair
cells — placed to inform the central nervous system about
where the action is.
To make a cochlea which can separate frequencies
selectively requires neutralisation of the viscosity of the
fluids and tissues that surround the basilar membrane. The
issue is most serious at the highest frequencies, as viscous
forces increase with frequency and damp the resonant
modes of the basilar membrane. It has been known since
the mid-1980s, but suspected much earlier, that the cells
responsible for providing such ‘undamping’ of viscous
forces are the outer hair cells [1] (Figure 1). Like the
sound-detecting inner hair cells, the outer hair cells
transduce mechanical displacements into a membrane
potential, but unlike other cochlear cells, they also behave
like fast force-producing elements. The molecular identity
of the motor responsible for producing this force — known
to be located along the lateral membrane of the outer hair
cells cells, to be ATP-independent and to be driven by the
membrane electric field — remains obscure, although a
number of promising candidate proteins now exist. It has
also been unclear whether outer hair cells work fast enough
to be built into the cochleas of echolocating species, bats
and dolphins being obvious examples. A recent paper [2]
suggests that the answer to this last question is yes.
Frank et al. [2] have shown that single outer hair cells may
be able to generate forces that are approximately constant
up to 100 kHz. The technicalities of showing that hair
cells move fast reflect the experimental difficulties of
controlling the electrophysiology and of measuring forces
and displacements reliably above 10 kHz. The first
difficulty was solved by inserting the cell into a suction
pipette — a ‘microchamber’ — and electrically stimulating
cells at high frequencies [3]. The price is not knowing the
membrane potential exactly. The second difficulty was
solved by using a laser doppler velocimeter to measure
small displacements up to 100 kHz.
The conclusion from the results obtained by Frank et al.
[2] is that unconstrained outer hair cells change length
only up to a limiting frequency, which depends on cell
length. Shorter cells respond with stimulation up to higher
frequencies. This suggests that the internal viscosity of
the cell limits the rate at which it can change length. It
may be no coincidence that the high frequency end of the
cochlea contains short outer hair cells, and that the cell
length increases towards the lower frequency, apical end.
As Figure 1 shows, outer hair cells are held in a matrix of
cells of the organ of Corti. Length changes are therefore
restricted in the intact cochlea. It is known that hair cells
can generate sufficient force to distort the adjacent portions
of the organ of Corti [4], but it is less clear how the individ-
ual components behave. The experimental trick employed
by Frank et al. [2] was to use a small lever — an atomic
force microscope cantilever used the wrong way round —
to restrain the length of isolated cells, so that isometric
forces can be measured during electrical stimulation. This
technique demonstrated that a constrained outer hair cell
can generate forces that are apparently independent of fre-
quency up to at least 100 kHz [2].
It is worth being a little cautious when interpreting the
results of high-frequency experiments for there are a variety
of simple physical phenomena, such as electrophoretic
movement of fluid around the cells, that are contaminating
artifacts of such measurements and need to be carefully
controlled. The result, however, is anticipated by earlier
experiments with suction pipettes [5]. The observation of
such frequency-independent forces raises the question of
whether there are any molecular constraints which limit the
frequency response. Measurements of the motor action
from patch-clamped regions of the membrane, rather than
the whole cell, have suggested a lower intrinsic cutoff fre-
quency for the motor molecule [6]. One resolution of the
disparity arises from observations that motor forces are
tightly coupled into the plasma membrane independently
of the underlying cytoskeleton [7]. When treated with
enzymes leaving only the surface membrane, cells become
spheres but the motor is still able to produce areal forces
when driven electrically. It thus seems that, when mechani-
cally isolated from the cell in patch recording, the motor’s
dynamical response is also affected and it behaves differ-
ently from when it is in the intact cell, rather in the way that
a drum skin resonates at a frequency hard to predict from
the properties of a small isolated sections of the surface.
The experimental rates at which free outer hair cells
change length match theoretical studies of outer hair cells
[8] in which the cells are modeled as simple cylinders
immersed in fluid. Neither theoretical nor experimental
studies have provided support for suggestions that outer
hair cells are mechanically tuned. In the intact cochlea,
the outer hair cell motor is activated by the flow of current
through the transducer in the apical membrane (Figure 2).
The extent of mechanical feedback is a non-local property
of the interactions of groups of outer hair cells, and the
coupling operates through the supporting cells to the
basilar membrane. 
This complex mechanics has best been appreciated by
modelling the system by computer [1], using physiological
data both from single cells and the in vivo cochlea. Before
the ideas of mechanical undamping and outer hair cell
function came to occupy centre stage in cochlear model-
ling, there was a recognised discrepancy between what
was thought to be the passive and effectively damped
tuning properties of a basilar membrane and the high
selectivity for frequency observed in individual auditory
nerve fibres. It was proposed, therefore, that there must
be a mechanism that sharpens up the basilar membrane
tuning to produce the cochlear output signal. This could
arise either through neural lateral inhibition or through
some black box mechanism within the organ Corti, termed
the ‘second filter’ [9]. The idea was that a narrow band
filter could restrict the range of frequencies presented to
the nerve. Although neural feedback loops are too slow to
enhance intrinsic cochlear tuning, a recent suggestion
almost resuscitates this idea of a ‘second filter’.
A property of the outer hair cell motor is that it is
thermodynamically reversible. As well as responding to
the membrane potential by deforming, it can behave like
a biological piezo-electric element [10] so that, as it is
stretched or compressed, it induces a potential change
across the hair cell membrane. By recording from clusters
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Figure 1
A cross section of the cochlea. The cochlear
duct has three fluid compartments — scalae
vestibuli, media and tympani — which surround
the sensory epithelium, the organ of Corti. The
organ of Corti contains both sensory hair cells
and supporting cells. Scala media is filled with
K+-rich endolymph and delimited by Reissner’s
membrane (RM) and the stria vascularis (StV).
Outer hair cells (OHCs) outnumber inner hair
cells (IHCs), the primary sensory cells, by at
least 3:1 in each transverse section which also
contain other non-sensory cells, Dieters’ cells
(DC) and Hensen cells (H). The pattern
repeats itself along the cochlea. This neuro-
epithelium sits on a collagen structure, the
basilar membrane, which vibrates place-
specifically with sound frequency. Excitation of
the hair cell stereocilia arises from the shearing
motion of the tectorial membrane as the basilar
membrane rides up and down. The outer hair
cells are positioned to deliver a feedback force
to the basilar membrane with the appropriate
phase to oppose damping effects. The motor
protein is shown along the basolateral
membrane of the cells (red).
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of isolated cells, Zhao and Santos-Sacchi [11] have
recently shown that stimulated electrical motility in one
outer hair cell induces a potential change in an adjacent
hair cell (Figure 2). In principle, this interaction is non-
linear, because the potential generated by the motor is not
a linear function of the applied stretch; it also acts to
oppose changes in potential in the adjacent cell. 
In the intact cochlea, the outer hair cell motor would be
responding primarily to the deflection of the stereocilia
produced by sound. The mechanical coupling between
neighbouring cells therefore brings in a mechanism to
allow direct interaction between cells faster than any
synaptically mediated neural loop. Although the effect is
small, it could in principle even allow a type of lateral inhi-
bition. In a system where feedback, and possibly even
non-linear feedback, plays such a critical role, the added
complexity of three-dimensional mechanics of the cochlea
makes numerical predictions difficult [12], and any addi-
tional interactions are computationally hard to assess. The
biological ‘wetware’ of the cochlea does seem to be up to
the job of working at acoustic frequencies. The problem
now remains of knowing whether we have understood the
interactions well enough, by being sure that we know how
to put the parts back together correctly. 
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Figure 2
The proposed outer hair cell feedback loop and its interactions.
Mechano-electrical transduction (m.e.t.) in the OHC1 stereocilia
converts displacement to a potential (Vm) sensed by the motor in the
cell basolateral membrane. The motor generates force and a length
change (δL1) in the cell. In each cochlear section, such forces can
counteract viscous damping and enhance basilar membrane motion.
The secondary loop (OHC2), representative of interactions between
cells, indicates how displacements in one section could alter, through
mechanical coupling, the displacements (δL2), the potential and hence
the mechanics, of adjacent outer hair cells. The forces generated in
this loop would oppose basilar membrane motion.
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